Oxidized low-density lipoprotein (oxLDL) induces a wide range of cellular responses to produce atherosclerotic lesion, but key factors determining the response are not understood. In this study, purified LDL was oxidized with copper sulfate, and its physical properties and the related biological responses were investigated. The average hydrodynamic diameter of the lightly oxidized LDL was approximately 25 nm and its Rf value relative to nLDL on agarose gel was between 1.0 and 1.25. The diameter of the extensively oxidized LDL was over 30 nm, the Rf value was over 2.0. A 24 h-exposure of resting RAW264.7 macrophage cells to 100 µ µ µ µg/ml of the lightly oxidized LDL induced proliferation and macrophage activation whereas the extensively oxidized LDL induced cell death at the same concentration. In contrast, 200 µ µ µ µg/ ml of oxLDL caused cell death regardless of oxidation degree. Short incubation (4-6 h) of the highly oxidized LDL (100 µ µ µ µg/ml) also resulted in cell proliferation. OxLDL-induced cell death showed mixed characteristics of apoptosis and/or necrosis depending on the strength and duration of the insult. These results suggest that cellular responses induced by oxLDL be dependent on the oxidation degree, the duration of exposure, and the concentration of oxLDL.
Introduction
Elevation of plasma low-density lipoprotein (LDL) level increases an adherence of circulating monocytes to arterial endothelial cells and a rate of LDL entry into the intima. In intima LDL undergoes oxidative modification catalyzed by any of the vascular cells, i.e. endothelial, smooth muscle, or macrophage cells Ross, 1993) . The resulting oxidized LDL (oxLDL) exerts many biological and physiological functions to produce atherosclerotic lesion. Some of the functions were clearly contradictory with each other. OxLDL stimulated cell proliferation in smooth muscle cells (Auge et al., 1995; Auge et al., 1996; Chai et al., 1996) whereas it induced cell death in endothelial cells (Quinn, et al., 1985) , smooth muscle cells (Nishio et al., 1996) , or macrophages (Hardwick et al., 1996) . However, it was difficult to explain why the oxLDL-induced cellular responses were contrary and which major contributor resulted in those responses. Different investigators utilized different methods to oxidize LDL and present different criteria for LDL oxidation. For example, Bjorkerud and Bjorkerud (1996) and Auge, et al. (1995) utilized UV-or Fe-mediated oxidation to prepare oxLDL while others used cell- (Quinn et al., 1985) , enzyme- (Parhami et al., 1993) or copper- (Chai et al., 1996; Hardwick et al., 1996) mediated methods. They used different concentration and conditions of catalyst, and presented malondialdehyde (MDA) formation by thiobarbituric acid-reactive substances (TBARS) assay as a criterion for the oxidation extent. Consequently, it was hard to compare results from different laboratories and guess what made the difference.
In this study, we tried to standardize the LDL oxidation method and evaluated physical properties of oxLDL along with the related cellular responses, especially effects on cell numbers. We utilized 5 µM coppermediated method for LDL oxidation, which had been reported to oxidize LDL in a similar manner as in vascular cells in vivo (Steinbrecher et al., 1984) . Then we determined known parameters for lipid peroxidation and protein oxidation such as TBARS, conjugated diene formation, increase of negative charge, ApoB fragmentation, and aggregation. We report here that copperoxidized LDL induces two opposing effects; cell proliferation and cell death on resting macrophages. These effects were dependent on the dose, the exposure time and the oxidation degree of oxLDL. OxLDL-induced cell death showed mixed characters of apoptosis and/or necrosis depending on the strength and duration of the insult.
Materials and Methods

Materials
Murine TNF-α was purchased from R&D system (Minneapolis, MN), murine interferon-γ, RPMI 1640 medium, fetal bovine serum from Gibco BRL (Grand Island, NY), and paraformaldehyde from Electron Microscopy Science (Fort Washington, PA). Hoechst 33258 and SYBR ® Green I nucleic acid gel stain were purchased from Molecular Probe (Eugene, OR). Propidium iodide (PI), bovine serum albumin, thiobarbituric acid, LPS, proteinase K, RNase A, oil red O, hematoxylin, butylated hydroxytoluene (BHT), copper (II) sulfate, 3-(4,5-dimethylthiazol)-2,5-diphenyl tetrazolium bromide (MTT), 3,3'-diaminobenzidine (DAB) and the rest of chemicals were purchased from Sigma Co. (St. Louis, MO).
Preparation of LDL
Human LDL (d = 1.019-1.063 g/ml)) was isolated from plasma of healthy volunteers by sequential ultracentrifugation (Fong et al., 1991) . After ultracentrifugation, LDL fraction was dialyzed extensively at 4 o C against PBS containing 0.5 mM EDTA. Concentrations of LDL are expressed as LDL protein measured by the modified Lowry method using DC protein assay kit (Bio-Rad, Hercules, CA).
Oxidation of LDL
The isolated LDL (1 mg/ml) was oxidized in PBS containing 5 µM copper sulfate at 37 o C (Steinbrecher et al., 1984) for the times as described (for example: oxLDL 2h represents LDL oxidized for 2 h). Oxidation reaction was terminated by the addition of EDTA (pH 8.5) and butylated hydroxytoluene at final concentrations of 0.5 mM and 50 µM, respectively. OxLDL preparations were dialyzed extensively at 4 o C against PBS containing 0.5 mM EDTA. All lipoprotein preparations were tested for endotoxin level using endotoxin assay kit (Sigma, St. Louis, MO).
Thiobarbituric acid-reactive substances (TBARS) assay
LDL or oxLDL was incubated with thiobarbituric acid solution (0.375% w/v thiobarbituric acid, 15% w/v trichloroacetic acid in 0.25 N HCl) for 30 min at 100 o C. Samples were centrifuged for 5 min, and the absorbance of the supernatant was determined at 535 nm. TBARS concentration was calculated as malondialdehyde per mg LDL protein using extinction coefficient ε = 1.56 × 10 Buege & Aust, 1978) .
Conjugated diene and β β β β-carotene measurement
An absorbance of LDL (200 µg/ml) at 234 nm and LDL (1 mg/ml) at 485 nm was measured to determine the formation of dienes and β-carotene, respectively, after scanning absorbance by spectrophotometer (Pharmacia, Uppsala, Sweden) in wavelength range of 190 nm to 600 nm.
Apolipoprotein B-100 (ApoB-100) modification
OxLDL samples were electrophoresed on Paragon Lipo TM gel (Beckman, U.K.) and stained by oil Red O. Relative electrophoretic mobility (Rf) was calculated as the ratio of the electrophoretic mobilities of the samples to that of native LDL (nLDL). The fragmentation and aggregation of oxidized ApoB100 were analyzed by 7.5% SDS-PAGE and Coomassie blue staining.
LDL aggregation and particle size
The extent of LDL aggregation was determined by analyzing the hydrodynamic radius of the LDL particles with a laser light scattering system (Brookhaven Instruments Corp. located in Seoul National University, Dept. of Chemistry). The intensity of light (488 nm) scattered from LDL (1 mg/ml) was measured at 90 o angle as described (Burne, 1976) .
Cell culture
The mouse macrophage cell line, RAW264.7 (ATCC TIB-71) was cultured in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% fetal bovine serum and 100 µg/ml penicillin and 100 µg/ml streptomycin at 37 o C/5%CO 2 .
Methyl thiazol tetrazolium (MTT) mitogenic activity assay
RAW264.7 cells (10 4 cells/well) were seeded on 96-well plate and cultured for 24 h. After a media change to serum free media (SFM), the cells were incubated with oxLDL for the desired time periods. MTT was added at a final concentration of 0.5 mg/ml and incubated at 37 o C for 4 h. The formazan precipitates formed by live cells were dissolved in 100 µl of 0.1N NaOH (in isopropanol). Each well was read using micro ELISA plate reader (Molecular Devices, Sunnyvale, CA) at 575 nm (Mosmann, 1983) .
Lactate dehydrogenase (LDH) leakage assay
The cell membrane integrity was determined by assessing leakage of LDH into medium using CytoTox kit (Promega, Madison, WI) (Decker and Lohmann-Matthes, 1988) . LDH activity was measured both in the medium (extracellular activity) and in cell lysate dissolved in 1% Triton X-100 (intracellular activity). The results were expressed as percentage of LDH activity released into the medium to total activity.
In-situ oil red O staining
Following the incubation of the cells with nLDL or oxLDL for 24 h, the cells were washed twice with PBS and then fixed with 4% paraformaldehyde. Intracellular lipid droplets were stained with oil red O (1.5% w/v in 60% isopropanol) and nuclei were counter-stained with hematoxylin (Nishikawa et al., 1990) .
DNA fragmentation assay
For assessment of oligonucleosomal laddering of cellular genomic DNA, 5 × 10 6 cells were cultured in 60 mm dish in the presence of nLDL or oxLDL. After 24 h incubation, cells were harvested and lysed in lysis buffer (10 mM Tris-HCl, pH 7.8, 5 mM EDTA, pH 8.0, 0.5% w/v SDS, 100 µg/ml proteinase K) overnight. Genomic DNAs were extracted as described by Albina et al. (1993) . The extracted DNA was analyzed on 2% agarose gel, stained with SYBR ® green I nucleic acid stain (Molecular Probes, Eugene, OR) and photographed.
Terminal deoxynucleotidyl transferase-mediated dUTP-digoxigenin nick end labeling (TUNEL) staining
Cells were harvested by scraping and stained for apoptotic body using Apotag kit (Oncor, Gaithersburg, MD) according to manufacturers instruction (Gavrieli, et al., 1992) .
Nuclei staining and FACS analysis
Cultured cells on cover glass were treated with oxLDL, fixed with 4% paraformaldehyde in PBS for 5 min and stained with Hoechst 33258 (0.5 µg/ml in PBS) for 15 min. The cover glasses were mounted in 80% glycerol (Schmid et al., 1991) and photographed using fluorescent microscope (Carl Zeiss, Swiss). Characterization of apoptosis and/or necrosis was carried out after propidium iodide (PI) and FITC-labeled annexin V staining followed by flow cytometric analysis according to the manufacturer's instruction (Bender Medsystem, Vienna, Austria) (Subbegowda, and Frommel, 1998) . For histogram analysis after PI staining, the cells were fixed with 4% paraformaldehyde in PBS and permeabilized with methanol for 15 min at -20 o C. The fixed cells were incubated with RNase A (100 µg/ml) for 1 h at 37 o C and then stained with propidium iodide (PI) (5 µg/ml in PBS). Fluorescence of individual nuclei and intact cells was determined using a FACS Vantage ® flow cytometer (Becton Dickinson, San Jose, CA).
Results
Characterization of LDL oxidized by copper sulfate
To prepare oxLDLs with different degrees of oxidation, LDL was oxidized for various time periods up to 24 h in the presence of 5 µM copper sulfate. At the subscripted time points, oxidation reaction was stopped and the degree of LDL oxidation was analyzed. Changes in several parameters known to be associated with LDL oxidation are assayed and summarized in Table 1 .
As oxidation progressed, MDA content of oxLDL preparations increased gradually up to 6 h, thereafter decreased as measured by TBARS assay. The formation of β-carotene was biphasic to the oxidation degree. Therefore, MDA and β-carotene formation that have been often used for LDL oxidation parameters do not seem to represent the extent of LDL oxidation properly in our study. However, the formation of conjugated dienes was found to be a sensitive and direct measurement of lipid peroxidation as reported although it was not linearly correlated at the beginning of oxidation.
In contrast, the better parameters for LDL oxidation were electrophoretic mobility on the agarose gel and average particle sizes of LDL. Alteration of electrophoretic mobility on the agarose gel reflects the increase of negative charge in LDL particle after oxidation. As shown in Figure 1A , the relative mobility of oxLDL to LDL was increased up to 3 fold in direct proportion to its duration of oxidation (Table 1 ). The fragmentation of ApoB100 protein in LDL was observed by SDS-PAGE followed by Coomassie blue staining ( Figure 1B) . A short time oxidation of LDL produced protein fragments that were aggregated gradually as the oxidation progressed. We, however, were not able to present the extent of LDL oxidation quantitatively by the fragmentation assay.
For quantification of fragmentation and aggregation, we determined the hydrodynamic radius of LDL particle using laser light scattering ( Figure 1C) . Interestingly, the distribution profile of LDL particles was broadened from 20-37 nm diameter of nLDL to the 13-85 nm of oxLDL 6h .
As oxidation progressed, the particles were clearly separated into two groups; one ranged between 20-45 nm and the other between 53-130 nm. The average hydrodynamic diameters of nLDL, oxLDL 2h , oxLDL 6h , and oxLDL 24h were 24.0 nm, 25.5 nm, 38.3 nm and 52.3 nm, respectively (Table 1 , Figure 1C) , showing the LDL particles became aggregated as the oxidation progressed. Based on these results, we suggest that the hydrodynamic diameter of the lightly oxidized LDL should be approximately 25 nm, the Rf value relative to nLDL between 1.0 and 1.25, and OD at 234 nm less than 0.4. The average diameter of the extensively oxidized LDL should be over 30 nm, the Rf value over 2.0, and OD at 234 nm over 1.0.
Lipid accumulation by oxLDL
OxLDL is endocytosed by scavenger receptor in an unregulated manner, and lipids dissociated from oxLDL accumulate inside the cell, resulting in foam cell formation. After incubation of various oxLDL with macrophages, the cells were stained with hematoxylin (nuclei staining) and oil red O (lipid staining) to prove that macrophages containing more lipids were prone to undergo cell death more than the cells containing less lipids. Only nuclei (blue) was stained in the nLDL-treated cells, while lipid droplets in cytosol (red) were stained along with nuclei in the oxLDL-treated (Figure 2) . Treatment of the cells with the lightly oxidized LDL (oxLDL 1h or oxLDL 2h ) induced the polarization of nuclei toward cell membrane and the condensation of chromosomal DNA (arrows). As expected, the more lipid accumulated the more chromosome condensed (arrow at oxLDL 2h ). The highly oxidized LDL, oxLDL 24h , induced many condensed DNA (arrow), possibly apoptotic bodies.
Cell proliferation or cell death induced by oxLDL
OxLDLs with different oxidation degrees were incubated with macrophages for 24 h, and followed by MTT and LDH leakage assays to determine its effects on the cell viability and cell death rate, respectively. As shown in Figure 3 , the lightly oxidized LDL (oxLDL 0.5h to oxLDL 2h , Rf less than 2) increased the cell numbers up to 60% (mitogenic) whereas the extensively oxidized LDL (oxLDL 6h to oxLDL 24h , Rf over 2) was cytotoxic at 100 µg/ml concentration. At 200 µg/ml concentration, all oxLDLs caused cell death ( Figure 3A) . Similarly less than 100 µg/ml oxLDL induced cell growth while the higher concentration of oxLDL decreased cell number ( Figure  3A , insert). LDH leakage assay confirmed the results by MTT assay except for no evidence of proliferation by the lightly oxidized LDL ( Figure 3B ). Time-dependent incubation of the extensively oxidized LDL (oxLDL 12h ) at a concentration of 100 µg/ml also showed cell proliferation at an early phase and cell death later (Figure 4) . That is, a short time exposure Table 1 . (B) Fragmentation of apoB-100 protein by oxidation. LDLs (1 µg) oxidized with CuSO 4 for various time periods (lanes are same as in panel A) were separated on 7.5% SDS-PAGE and stained with Coomassie blue. ApoB-100 proteins were fragmented after oxidation for short time (lane 2-5) and aggregated after oxidation for long time (lane 6-8). (C) The light intensity (number of particles) of oxLDL samples in diameter. The hydrodynamic diameters of the oxLDL preparations were measured using a laser light scattering system as described in 'Materials and Methods'. Profiles of the preparations were moved from the small to large diameter depending on its extent of oxidation. The average hydrodynamic diameter of each oxLDL is shown in the parentheses.
(6 h) of oxLDL 12h to the cells resulted in proliferation while a long time exposure (12 h or more) induced cell death. Therefore, it was concluded that the oxLDL exhibited two opposite effects on the cell number; proliferation and cell death. The cell death induced by oxLDL was oxidation-, concentration-and incubation time-dependent.
OxLDL induced apoptosis and necrosis
In order to determine if the cell death caused by oxLDL was apoptosis or necrosis, analyses to distinguish apoptosis and necrosis were performed. The RAW264.7 cells were treated with nLDL or oxLDL and TUNEL assay was performed ( Figure 5A ). Many apoptotic bodies were stained dark brown in the oxLDL 24h -treated cells compared to that in the nLDL-treated. Next, genomic DNA isolated from the cells was analyzed on 2% agarose gel ( Figure 5B ). To obtain a better DNA pattern, the gels were stained with SYBR ® Green I instead of ethidium bromide. Typical apoptotic 200 bp DNA fragment ladders were observed in the DNA from the oxLDL 6h -treated cells. Decreases of DNA ladders obtained from the oxLDL 12h -or oxLDL 24h -treated cells might reflect the abundance of necrotic cells. Figure 5C demonstrated the representative cells stained with Hoechst 33258, which could penetrate into live cells. The nLDL and the lightly oxidized LDL (oxLDL 1h and oxLDL 2h ) generated dividing chromosomes (proliferation), whereas the treatment with the extensively oxidized LDL (oxLDL 6h , oxLDL 12h , and oxLDL 24h ) showed fragmented nuclear DNA (apoptosis).
FACS analysis of the cells stained with PI has been an another parameter to evince apoptosis. Hypodiploid apoptotic cells and apoptotic bodies appear as a sub-G 0 G 1 peak. The intensity of this peak is related to the amount of apoptotic cells. DNA histograms of oxLDLtreated macrophages revealed that in the nLDL-treated cells apoptotic cell population percentage (A 0 ) was 4.78% while 39.27% in oxLDL 24h -treated cells, suggesting that the apoptotic cell number increased in an oxidationdependent manner (DNA histograms are not shown).
Oxidation-dependent apoptosis and necrosis
To characterize the cell death induced by oxLDL treatments, the annexin V and PI double staining method was performed. Annexin V is specific for phosphotidylserines, which are distributed exclusively on the inner side of cell membrane. During early apoptosis, phosphatidylserines are exposed to outer surface of the cell without disturbing membrane integrity of the cell. If cell membranes are disrupted (necrosis), PI gets accumulated in nuclei. Cells in apoptosis bind relatively more annexin V but exclude PI and cells in necrosis are stained with both dyes. Therefore, the cells binding annexin V but excluding PI are judged to be apoptotic, whereas the cells binding annexin V and accumulating PI are judged to be necrotic. Figure 6A shows the distribution of annexin V-stained (apoptotic) and annexin V plus PI-stained cells (necrotic). A 24 h-exposure of the cells to the lightly oxidized LDL (oxLDL 0.5h -oxLDL 2h ) increased the number of apoptotic cells and a little bit of necrotic cells in proportion to oxidation degree ( Figure 6B ). The treatment with highly Original magnification × 300. (B) DNA fragmentation. The RAW264.7 cells were incubated in SFM for 24 h with different LDLs: nLDL (200 µg/ml), oxLDL-100 (100 µg/ml of oxLDL 0.5h , oxLDL 1h , oxLDL 1.5h , oxLDL 2.0h , oxLDL 6h , oxLDL 12h , and oxLDL 24h ) and oxLDL-200 (200 µg/ml of oxLDL 6h , oxLDL 12h , and oxLDL 24h ). Genomic DNAs were isolated, separated on 2% agarose gel and stained with SYBR ® Green I nucleic acid gel stain. Lane M shows 1 kb DNA marker. (C) Nuclei stained with Hoechst dye. The cells treated with nLDL or oxLDLs oxidized for indicated time periods were stained with Hoechst 33258 and photographed using a fluorescent microscope (Carl Zeiss, German). Original magnification × 1000. oxidized LDL (oxLDL 6h ) decreased the apoptotic cell number in an oxidation-dependent manner. In contrast, the number of necrotic cells was increased in an oxidation-dependent manner as long as the exposure time and concentration were fixed. From this observation it is suggested that the lightly oxidized LDL induces both cell proliferation and early apoptosis while the highly oxidized LDL (oxLDL 6h ) causes mainly apoptosis together with a slight necrosis. The higher oxidized LDL (oxLDL 12h -oxLDL 24h ) induced mainly necrosis.
Discussion
LDL particle consisting of protein and lipids are susceptible to accidental oxidative damage (Palinski et al., 1989) . After oxidation lipid components of LDL including sterols, phospholipids, cholesterol esters, and triglycerides generate oxysterols, lysophosphatidylcholine, and hydroxy fatty acids (Aviram, 1993) . The positively charged ε-amino groups of lysine residues of ApoB100 protein are neutralized by formation of dienes, resulting in an increase of net negative charge of the LDL particle (Steinbrecher, 1987) . Then ApoB100 proteins are degraded into many fragments resulting in LDL particle aggregation (Pentikainen et al., 1996) .
It was reported that the oxidized lipid or protein components of oxLDL could induce broad ranges of biological responses in vitro. The whole oxLDL induced differentiation (Parhami et al., 1993) , gene expression (Han et al., 1997) , cytokine production (Thomas et al., 1994; Lipton et al., 1995) , inhibition of the macrophage motility (Quinn et al., 1985) , cytotoxicity (Dimmeler et al., 1997) , inhibition of the nitric oxide-induced vasodilatation (Liao et al., 1995; Goss et al., 1997) , and mitogenicity (Auge et al., 1995; Auge et al., 1996; Chai et al., 1996) . Different components of oxLDL might play roles in these various biological activities. Multiple lipid oxidation products in oxLDL were reported to induce cytokine productions (Thomas et al., 1994) , and the oxidized apolipoprotein B was shown to account for most of the induction of macrophage growth by oxLDL (Martens et al., 1999) .
Since the composition of oxLDL particles might be altered during the progression of oxidation and each component of the oxLDL triggers its own intracellular responses, the extent of LDL oxidation might be one of the most important factors for its diverse biological responses. It is not well established, however, that the lightly oxidized LDL contains different components from the extensively oxidized LDL. It was reported that the minimally oxidized LDL increases adherence and penetration of monocytes in part by stimulating release of monocyte chemoattractant protein-1 (Cushing et al., 1990) . In contrast, more fully oxidized LDL itself was reported to be directly chemotactic for monocyte and serve as a major ligand for scavenger receptor A and/ or CD36 (Lougheed and Steinbrecher, 1996) . Oorni et al. (1997) reported that the more extensively LDL was oxidized, the more oxLDLs were taken-up by cells and the less LDLs were bound to proteoglycans on cell surfaces. Lougheed and Steinbrecher (1996) reported that a distinct scavenger receptor-independent pathway was present for the uptake of the extensively oxidized LDL by macrophage, compared with one for the lightly oxidized LDL. Therefore, it was highly likely that the composition of the lightly oxidized LDL might be different from those of the extensively oxidized LDL to show the different, sometimes opposite cellular responses.
It is noteworthy that the change of LDL particle size distribution profiles was well correlated with the biological effects of oxLDL. The oxLDL 24h particles were resolved into two different populations with average hydrodynamic diameters of 25 nm (non-aggregated) and 80 nm (aggregated). This is in good agreement with the report by Pentikainen et al. (1996) who separated oxLDL by size exclusion chromatography. It is not clear whether these two groups with different particle sizes played any distinct biological roles. It should be noted, however, that the aggregated LDL particles affected neither the binding activity to proteoglycan (contribute to extracellular accumulation) nor the uptake by the scavenger receptor (contribute to intracellular accumulation), suggesting that there should be no difference in biological functions between two particles (Lougheed and Steinbrecher, 1996) . Bjorkerud and Bjorkerud (1996) have reported oxidationdependent dual effects of oxLDL on cell numbers, which is similar to our results. They showed that shortly UVoxidized LDL had a growth promoting effect while the strongly oxidized LDL became cytotoxic on several different cell types including macrophages. Since they utilized UV for oxidation, their highly oxidized LDL was not aggregated but fragmented and its other physical properties were similar to the lightly oxidized LDL, specifically oxLDL 2h , in our study. Here, in our study, oxLDL 2h was not cytotoxic but mitogenic. In addition, their Fe-oxidized LDL was reported to maintain growthpromoting activity without cytotoxic effects as oxidation progressed. It is possible that UV oxidation generates more unidentified components of oxLDL that is responsible for cytotoxicity, than Cu-or Fe-mediated oxidation. It would be important to identify the component in order to obtain the better understanding of atherogenesis.
The cellular response induced by oxLDL was determined by the strength of the stimulus, which might be a function of the extent of LDL oxidation, the oxLDL quantity present at the locus, and the duration of exposure to oxLDL. Since scavenger receptor is not down-regulated, but rather increased by the oxLDL uptake (Nagy et al., 1998) and LDL at atherosclerotic locus may be present as a mildly oxidized form in a low quantity, the duration of exposure may be more important than what we expect in atherogenesis. We showed in Figure 2 that the macrophage cells contained a large amount of lipid droplets, which led to apoptosis-like cell death. This observation suggests that the signals for cellular response get accumulated due to the unregulated uptake of oxLDL and decide the path of response.
OxLDL-induced smooth muscle cell proliferation was mediated by sphingomyelinase-ceramide signaling pathway (Auge et al., 1996) with a possible involvement of fibroblast growth factor (Chai et al., 1996) . Since smooth muscle cell proliferation was known to be a late stage response of atherosclerosis, oxLDL may aggravate the process of atherogenesis by increasing the number of smooth muscle cells. However, the consequence of macrophage cell proliferation by the lightly oxidized LDL is not clear. Since macrophages play a role in scavenging toxic materials, the increase of macrophage cell number may contribute to enhancement of the toxic material (oxLDL) removal from the intima by macrophages. If this is true, augmentation of macrophage capacity for apoptosis will help to prevent the development of atherosclerosis. Pollman et al. (1998) reported that downregulation of intimal cell bcl-x L expression with the use of antisense oligonucleotides induced apoptosis and acute regression of vascular lesions. This result supports that apoptosis in vascular cells may be a defensive mechanism of body to remove oxLDL out of the system without induction of inflammatory response. If oxLDLs are present in excess amounts for the macrophage cells to remove them by proliferation and apoptosis, the cells undergo necrosis that causes atherosclerotic lesion. Our results support this hypothesis and open a possibility of using pro-apoptotic tools as therapeutics for atherosclerosis.
